Abstract: First principles calculations based on density functional theory with generalized gradient approximation are performed to investigate the structural, elastic, electronic, and optical properties of new bismuth oxides, ABi 2 O 6 (A = Mg, Zn) with the trirutile-type structure. Initially, the geometry structures obtained by geometry optimization are consistent with the experimental values. The calculated structural parameters show a good agreement with the experimental results. The optimized lattice parameters, six independent elastic constants (C 11 , C 12 , C 13 , C 33 , C 44 and C 66 ), bulk modulus (B), shear modulus (G), Young's modulus (Y), Pugh's ratio (G/B), Poisson's ratio (ν), and elastic anisotropy (A) are calculated and discussed. This is the first quantitative theoretical prediction of the electronic, elastic, and optical properties of these compounds. The investigation of the electronic band structures reveals that these compounds are electrical conductors, with contribution predominantly from the Bi 6p states. The analysis of the elastic constants and other moduli shows large anisotropy on elasticity and brittle behavior. The origins of features that appear in different optical properties of these two compounds have been discussed using band structures. The large reflectivity of the predicted compounds in the low energy region might be helpful in high-quality candidate materials for coating to avoid solar heating. 
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Introduction
Nanoparticles are having different properties compared with bulk materials. Most of the researchers are working with metal oxide nanoparticles because of their unique characteristics such as hydrophobic, photo catalytic, and stability. Hence, they are used in many applications such as coatings, catalysts, anti-bacterial, medical sciences, sensors, semiconductors, capacitors, and batteries (Piriyawong, Thongpool, Asanithi, & Limsuwan, 2012) . These oxide materials can be prepared by different synthesis methods such as solution combustion (Bai et al., 2011) , co-precipitation (Vatsha et al., 2013) , sol-gel (Tamilselvi, Yelilarasi, Hema, & Anbarasan, 2013) , hydrothermal (Hayashi & Hakuta, 2010) , solvothermal (Hou, Yu, & Gao, 2003) , microwave-assisted sol-gel (Mirzaei & Davoodnia, 2012) , and green synthesis (Patil & Bhanage, 2013) . MgO is an important material used in many applications like catalysis, toxic waste remediation, paint, superconducting products, and anti-bacterial activities against food-borne pathogens (Jin & He, 2011; Mageshwari, Mali, Sathyamoorthy, & Patil, 2013; Mastuli, Rusdi, Mahat, Saat, & Kamarulzaman, 2012) . As an alternative to the good standard TiO 2 photocatalyst, the use of zinc oxide (ZnO) as a robust candidate for waste water treatment is widespread due to its similarity in charge carrier dynamics upon band gap excitation and the generation of reactive oxygen species in aqueous suspensions with TiO 2 . However, the large band gap of ZnO, the massive charge carrier recombination, and the photo-induced corrosion-dissolution at extreme pH conditions, together with the formation of inert Zn (OH) 2 during photocatalytic reactions, act as barriers for its extensive applicability. Zinc oxide is widely used as a white pigment in paints and as a catalyst in the manufacture of rubber to disburse heat. It is also used to protect rubber polymers and plastics from ultraviolet radiation (UV) (Emsley, 2001) . Semiconductor-based photocatalytic oxidation has been established to be one of the most promising technologies for environment remediation and has been employed in the treatment of all kinds of organic contaminants (Chen, Ma, & Zhao, 2010; Fujishima, Rao, & Tryk, 2000; Hoffmann, Martin, Choi, & Bahnemann, 1995) . The effective application of photocatalys in environmental remediation requires that the photocatalysts should have high photocatalytic efficiency. Therefore, during the past decade, a tremendous effort has been devoted to the development of new photocatalysts (Ai, Zhang, & Lee, 2010; Bi, Ouyang, Cao, & Ye, 2011; Chen et al., 2011; Dong et al., 2009; Ouyang & Ye, 2011; Shi, Li, Kou, Ye, & Zou, 2011; Yu, Dai, & Huang, 2009; Zhu, Xu, Fu, Zhao, & Zhu, 2007) . The exploration and search for active semiconductor photocatalysts, especially for solar energy applications, is one of the challenging tasks. Bismuth (V)-containing photocatalysts have gained great significance due to their unique electronic band structures. Recently, the trirutile-type structure compounds with general formula ABi 2 O 6 (where A = Mg and Zn,) were found to be promising candidates for application in microwave devices due to the fact that evaluations of the microwave dielectric properties of these compounds reveal a highquality factor (Q × f) and a high dielectric constant (ε r ). Many experimental works have been carried out for preparing the trirutile-type structure of ABi 2 O 6 (A = Mg, Zn). Microwave hydrothermal processing has been confirmed to be of greater advantage in kinetics than conventional hydrothermal processing for preparation of various oxides (Komarneni, Li, & Roy, 1994; Komarneni, Li, Stefansson, & Roy, 1993; Komarneni, Menon, Li, Roy, & Ainger, 1996; Komarneni, Pidugu, Li, & Roy, 1995; Komarneni, Roy, & Li, 1992) . Hydrothermal processing can yield novel phases that cannot be prepared by hightemperature solid-state reaction. For example, several new bismuth oxides, Bi 2 O 4 (Kumada, Kinomura, Woodward, & Sleight, 1995) , LiBiO 3 (Kumada, Takahashi, Kinomura, & Sleight, 1996) , and ABi 2 O 6 (A = Mg, Zn) (Kumada, Takahashi, Kinomura, & Sleight, 1997) with unusual oxidation state (Bi 5+ ) were prepared only under the hydrothermal condition below 140°C, using NaBiO 3 znH 2 O as a starting material. Unfortunately, no theoretical works have been performed on these two new bismuth oxides, i.e. MgBi 2 O 6 and ZnBi 2 O 6 . For the first time, we have performed theoretical investigation on these two compounds by employing CASTEP code (Clark et al., 2005) which utilizes the planewave pseudo-potential based on the framework of density functional theory (DFT) (Kohn & Sham, 1965) . In our work, we have studied structural, elastic, electronic, and optical properties of MgBi 2 O 6 and ZnBi 2 O 6 . We have focused on optical properties such as dielectric function, refractive index, absorption coefficient, reflectivity, energy loss function, and photoconductivity of both compounds. Today, knowledge of refractive indices and absorption coefficients of solids is especially important for the design and analysis of new optoelectronic devices (Charifi, Reshak, & Baaziz, 2009) . High dielectric materials can be used in the next generation of microelectronic devices in which the reduced dimension requires gate insulators with high dielectric constants (Xu et al., 2006) . Our present work is organized in three sections. In Section 2, we briefly discuss the computational techniques used in this study. The results and discussion are presented in Section 3. Finally, a summary of our results is shown in Section 4.
Computational method
The zero temperature energy calculations predicted in this research work were carried out by applying the CASTEP code (Clark et al., 2005) which utilizes the plane-wave pseudo-potential based on the DFT (Kohn & Sham, 1965) framework. The electronic exchange-correlation energy is treated under the generalized gradient approximation using the scheme of Perdew-Burke-Ernzerhof (Perdew, Burke, & Ernzerhof, 1996) . Using ultrasoft Vanderbilt-type pseudo-potentials, we represented the interactions between ion and electron of atoms Mg, Bi, Zn, and O (Vanderbilt, 1990) . The pseudoatomic calculations were performed for Mg-2p . The kpoint sampling of the Brillouin zone was constructed using Monkhorst-Pack scheme (Monkhorst & Pack, 1976) with 10 × 10 × 12 grids in primitive cells of MgBi 2 O 6 and ZnBi 2 O 6 . Also the k-points 8 × 8 × 10 were used to calculate the elastic constants of MgBi 2 O 6 . The value of the energy cut-off was set to 350eV and the electromagnetic wave functions were expanded in a plane wave basis set with this energy. The equilibrium crystal structures are relaxed by Broyden-Fletcher-GoldfarbShanno (BFGS) minimization scheme (Almlöf, Fischer, Gassman, Ghosh, & Häser, 1993) . Geometry optimization was performed using with the total energy of 1 × 10 −5 eV/atom, maximum force of 0.002eV/Å, maximum stress of 0.05 GPa, and the maximum atomic displacement of 1 × 10 −3 Å. Mulliken bond population, electronic density of states, elastic constants Cij, and optical properties were directly calculated using the CASTEP code. (Eicher, Greedan, & Lushington, 1986; Reimers, Greedan, Stager, & Kremer, 1989) A for A = Mg and a = 4.8386 Å and c = 9.7422 Å (Eicher et al., 1986; Reimers et al., 1989) A for A = Zn. The geometrical optimized lattice constants are as follows: a = 10.021 Å c = 7.108 Å for MgBi 2 O 6 and a = 10.021 Å c = 7.108 Å for compound ZnBi 2 O 6 . We optimized the lattice constants and atomic positions as a function of normal stress by minimizing the total energy. The optimized structures of MgBi 2 O 6 and ZnBi 2 O 6 are shown in Figures 1 and 2 , respectively. The calculated lattice parameters are listed in Table 1 . We can see that the lattice constant a is slightly smaller and c is slightly larger than that from . The existing deviation of lattice parameters from the experimental values can be attributed to the fact that our calculated data are simulated at 0 K, while the experimental data are measured at room temperature. This indicates the reliability of our present DFT-based calculations.
Results and discussion

Structural properties
Elastic properties
The elastic properties of materials give useful information about the bonding character between neighboring atomic planes, the anisotropic nature of the bonding, the structural stability, and the rigidity of materials. These properties also provide information about the interatomic potentials, interatomic bonding, thermal expansion, Debye temperature, phonon spectra, and specific heat capacity (Bouhemadou, Khenata, Chegaar, & Maabed, 2007; Pan, Xia, Ye, & Ding, 2012; Ponce, Casali, & Caravaca, 2008) . Elastic constants are defined by means of a Taylor expansion of the total energy, namely: the derivative of the energy as a function of a lattice strain (Clark et al., 2005; Perdew & Zunger, 1981) . In order to study the elastic properties of MgBi 2 O 6 and ZnBi 2 O 6 , the elastic constants C ij , bulk modulus B, shear modulus G, Young's modulus Y, Poisson's ratio ν, and the anisotropic factor A have been calculated for the first time. There are six independent elastic coefficients C ij , i.e. C 11 , C 12 , C 13, C 33 , C 44 , and C 66 , for tetragonal crystal-like MgBi 2 O 6 and ZnBi 2 O 6 . At present, no theoretical data are available because of first time study. For a stable tetragonal structure, the six independent elastic constants C ij should satisfy the following Born-Huang criteria (Roknuzzaman & Islam, 2013) : The calculated elastic constants are presented in Table 2 . All the coefficients are positive and fulfill the above stability conditions, i.e. Equations (1)-(3). This suggests that both materials are mechanically stable compounds. The elastic anisotropy of a crystal depends on the orientation of the elastic moduli. A suitable explanation of such an anisotropic manner has an important implication in manufacturing science as well as in solid-state (crystal) physics. The elastic anisotropy of the shear of hexagonal crystals, defined by A = 2C 44 /(C 11 -C 12 ), may be responsible for the development of microcracks in the material (Medvedeva, Enyashin, & Ivanovskii, 2011) . For a completely isotropic crystal, the value of A = 1. Any value of A either smaller or greater than unity indicates elastic anisotropy. The deviated magnitude of the anisotropic factor A from unity is used for measuring the degree of elastic anisotropy possessed by the crystal. To measure the elastic anisotropy of the trirutile crystal structure of ABi 2 O 6 (A = Mg and Zn), we have evaluated the Zener anisotropy factor A. The calculated Zener anisotropy factor for MgBi 2 O 6 and ZnBi 2 O 6 is presented in Table 2 . As shown in Table 2 , the value of A indicates that both the materials can be regarded as elastically anisotropic materials. Another anisotropy parameter that can be defined by the ratio between linear compressibility coefficients along the c-and a-axes for tetragonal crystal is k c /k a = (C 11 + C 12 -2C 13 )/(C 33 -C 13 ). The unit value of this ratio means that the compressibility along both directions is same, i.e. the crystal is isotropic but any value less (or greater) than unity indicates that the compressibility along the c-axis is either smaller or larger than that along the a-axis. Our result reveals that the compressibility along the c-axis is slightly larger than that along the a-axis for MgBi 2 O 6, but for ZnBi 2 O 6 , the compressibility is reversed, as c-axis is stiffer than that along the a-axis. This parameter also indicates that the materials MgBi 2 O 6 and ZnBi 2 O 6 are anisotropic.
We have estimated the bulk modulus (B) and shear modulus (G) of polycrystalline aggregates from individual elastic constants, C ij , by the well-known Voigt (Monkhorst & Pack, 1976 ) and the Reuss (Reuss & Angew, 1929) approximations that are recurrently used in averaging the single crystal elastic constants for polycrystalline manners. Voigt assumes a uniform strain throughout a polycrystalline aggregate and Reuss assumes uniform stress. The bulk modulus B V and shear modulus G V in the Voigt approximation for the tetragonal lattice system are expressed as:
In the Reuss approximation, the bulk modulus B R and shear modulus G R are expressed as:
B R = (C 11 + C 12 )C 33 − 2C 2 13 It is evident that the Voigt and Reuss assumptions are true only for isotropic crystals, but for an anisotropic crystal, their assumptions become immediately invalid. Hill (1952) showed that for an anisotropic crystal, the Voigt and Reuss assumptions result in theoretical maximum and minimum values of the isotropic elastic moduli of the polycrystalline crystals, respectively, and suggested that the actual effective moduli of anisotropic polycrystalline crystals could be approximated by the arithmetic mean of the two values. According to Hill approximation, the bulk modulus B and shear modulus G are given by:
Again, from the calculated bulk modulus B and shear modulus G, we can estimate the Young's modulus Y and Poisson's ratio ν by the following relations:
Using Equations (4)- (9), the calculated bulk modulus B R , B V , B, shear modulus G R , G V , G, Young's modulus Y, compressibility K, and Poisson's ratio ν are listed in Table 3 . It is seen that the difference between B V and B R as well as G V and G R is comparatively small. According to Hill, the difference between these limiting values may be proportional to the degree of elastic anisotropy of crystal. According to Pugh's criteria (Pugh, 1954) , the ductility of a material can be roughly calculated by the ability of performing shear deformation, such as the value of shear to bulk modulus ratios (G/B). For a ductile material, the ratio of G/B is low (<0.5); otherwise, the material shows brittle nature. From our calculations, we see that G/B ratios for MgBi 2 O 6 and ZnBi 2 O 6 are ~0.5 and ~0.43, indicating that the two compounds are near border line of ductility. The same can be inferred from an additional argument that the difference in the ductile/brittle nature follows from the calculated Poission's ratio (ν). The value of ν is small enough for brittle material, whereas the value is typically 0.33 (Haines, Léger, & Bocquillon, 2001 ) for ductile metallic materials. As evident from Table 2 , the calculated Poission's ratio for MgBi 2 O 6 and ZnBi 2 O 6 indicates that both phases are on the more ductile/brittle border line.
Electronic properties
The energy bands of new bismuth oxides, ABi 2 O 6 (A = Mg and Zn), with trirutile-type structures along the high symmetry directions (Г-X-M-Г-R-X) of the Brillouin zone in the energy range from −50ev to +10ev for MgBi 2 O 6 and from −25ev to +10ev for ZnBi 2 O 6 are depicted in Figure 3 . The energy band structures of the two compounds are to some extent alike. We see from the band structure diagrams that there is no band gap at the Fermi level for both phases due to the overlapping of the valence bands and conduction bands, thus indicating the metallic nature of the materials under study. 
Optical properties
The study of the optical functions of solids helps give a better understanding of the electronic structure of different materials. The frequency-dependent dielectric function defined by ε (ω) = ε 1 (ω) + iε 2 (ω) is closely related to the electronic band structure. It fully describes the optical properties of any homogeneous medium at all photon energies. The imaginary part ε 2 (ω) of the complex dielectric function is obtained from the momentum matrix elements between the occupied and the unoccupied electronic states. This is calculated directly using (Materials Studio CASTEP manual_Accelrys, 2010):
where ω is the frequency of light, e is the electronic charge, û is the vector defining the polarization of the incident electric field, and c k and v k are the conduction and valence band wave functions at k, respectively. The real part of the dielectric function ε 1 (ω) is derived from the imaginary part of the dielectric function ε 2 (ω) through the Kramers-Kronig relations. Other optical properties, such as refractive index, absorption spectrum, loss function, reflectivity, and conductivity (real part), are derived from Equations (49)- (54) Figures 5 and 6 display the optical functions of MgBi 2 O 6 and ZnBi 2 O 6 calculated for photon energies up to 30eV and 55ev for polarization vector [100] . We have used a 0.5eV Gaussain smearing for all calculations for the reason that this smears out the Fermi level, so that k-points will be more effective on the Fermi surface. Reflectivity is the ratio of energy of a wave reflected from a surface to the energy possessed by the wave striking by the surface. The reflectivity spectra of materials MgBi 2 O 6 and ZnBi 2 O 6 are displayed in Figures 5(a) and 6(a) as function of photon energy. It is observed that the reflectivity of both materials shows the same features. The reflectivity is much higher in the infrared region. It starts with a higher value of ~0.55, at first decreases up to a value of ~0.45, and then rises again to reach second maximum value of ~0.49 in the energy range of 0-3ev. In the moderate infrared region, it drops drastically from a value of ~0.49 to ~0.31. With an increase in photon energy, it makes some (10) several peaks before falling rapidly to a lower value. For both compounds, the large reflectivity for E < 1ev indicates the characteristics of high conductance in the low energy region. The absorption coefficient gives important information about solar energy conversion efficiency and it indicates how far light of specific frequency can penetrate into the material before being absorbed. The absorption spectra for MgBi 2 O 6 and ZnBi 2 O 6 are presented in Figures 5(b) and 6(b) as a function of photon energy. It is seen that the absorption coefficient for both compound starts at zero photon energy due their metallic nature and it rises sharply in the infrared region to reach a peak value at 9ev for polarization direction [100] with some transitions. After that, the absorption coefficient drops radically up to 17 eV. There is no absorption of photon above 17 eV for ZnBi 2 O 6 . But in case of MgBi 2 O 6 , another absorption peak is found within the region 41 eV to 50 eV. The refractive index of an optical medium is a dimensionless number that determines how light is bent, or refracted, when it propagates through that medium.
Figures 5(c) and 6(c) display both the real and imaginary parts of the refractive indices for MgBi 2 O 6 and ZnBi 2 O 6 . The static indices of refraction are 7.5 for MgBi 2 O 6 and 6.5 for ZnBi 2 O 6 . These values of refractive indices drop sharply up to 4ev from its peak value and then remain constant in the ultraviolet region. On the other hand, the imaginary part of refractive index indicates the amount of absorption loss when electromagnetic wave passes through the materials. The extinction coefficients, i.e. the imaginary parts of refractive indices, show the same qualitative features for both compounds. These values are high in the low energy region where the photon absorption is high and reduce to zero in the high energy region which indicates there is no absorption of photon. But for MgBi 2 O 6 , non-zero value of the extinction coefficient is also found in the energy range 41-50 eV resulting in the absorption of photon It is observed that the value of ε 2 is zero at 18ev for both materials and hence these materials become transparent above 17ev. The value of static dielectric constant is high, i.e. 55 for MgBi 2 O 6 and 45 for ZnBi 2 O 6 . These high values of static dielectric constants indicate that both materials can be used in the manufacture of high value capacitors. We also observe that the real part of dielectric functions (ε 1 ) becomes zero at about 10 to 20ev and 47ev for MgBi 2 O 6 and at about ~15ev for ZnBi 2 O 6 . These correspond to the energy at which the reflectivity exhibits a sharp drop and the energy loss function shows a prominent peak. The peak of the imaginary part of the dielectric function is related to the electron excitation. For the imaginary part of ε 2 , the peak for <1ev is due to intraband transitions. Photoconductivity is an optical and electrical phenomenon in which a material becomes more electrically conductive due to the absorption of electromagnetic radiation. Figures 5(e) and 6(e) show the photoconductivity of materials MgBi 2 O 6 and ZnBi 2 O 6 . It is seen that the photoconductivity of both materials starts with zero photon energy due to the overlapping of the valence and conduction bands at the Fermi level. Moreover, it is observed from our band structure calculation (Figure 3 ) that both materials have no band gap. Both compounds show high electrical conductivity in the low energy region. The prominent peak is found within the energy range 0-3ev; after that, all the spectra gradually decrease to zero with some several intermediate peaks at ~17ev. There is no photoconductivity when the photon energy is higher than ~17ev for ZnBi 2 O 6 . But for MgBi 2 O 6 , photoconductivity becomes zero 
when the photon energy is higher than ~17ev except within the energy range 41-50ev. The energy loss function of a material is a parameter that describes the energy loss of a fast electron traversing that material. The frequency associated with the highest peak of energy loss spectrum is defined as the bulk plasma frequency ω p of the material, which appears at ∈ 2 < 1 and ε 1 = 0 (de Almeida & Ahuja, 2006; Saniz, 2006) . The energy loss spectra of MgBi 2 O 6 and ZnBi 2 O 6 are depicted in Figures 5(f) and 6(f) as a function of photon energy. For MgBi 2 O 6 , there are two major peaks found at 11.50ev and 15ev, which indicate the rapid reduction in the reflectance. On the other hand, the maximum peak is found at 15ev for ZnBi 2 O 6 . Hence, it is found that the plasma frequency for both materials is 15ev. When the incident photon energy is higher than 15ev, both materials will become transparent.
Conclusion
We have carried out first principles calculations based on DFT to study the structural, elastic, electronic, and optical properties of MgBi 2 O 6 and ZnBi 2 O 6 . The calculated elastic constants and different elastic anisotropies of MgBi 2 O 6 and ZnBi 2 O 6 are discussed in detail in our study. The calculated elastic parameters allow us to conclude that both compounds are mechanically stable. In addition, MgBi 2 O 6 and ZnBi 2 O 6 are near the boundary line of ductility and elastically anisotropic. From our band structure calculations, it is clear that both compounds exhibit metallic-like behavior. At the Fermi level, the total densities of states originated from the dominating contributions of Bi 6p states, and hence Bi 6p orbitals play a vital role in the conduction properties of both MgBi 2 O 6 and ZnBi 2 O 6 . Mg and Zn do not have contributions to the densities of states at the Fermi level and therefore are not involved in conduction properties. The major features in the spectra of the optical parameters have also been discussed. The high values of static dielectric constants of both materials indicate that these compounds can be used in the manufacture of high value capacitors. From the reflectivity spectra, it is seen that the large reflectivity of MgBi 2 O 6 and ZnBi 2 O 6 for E < 1ev indicate the characteristics of high conductance in the low energy region and suitability of the materials for utilize in solar cell to remove solar heating. To the best of our knowledge, the physical properties of MgBi 2 O 6 and ZnBi 2 O 6 have not been reported. We expect that our study would help researchers pursue their investigation on these two hypothetical compounds, both theoretically and experimentally, in the future. 
